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The recent puzzling results of the XENON1T collaboration at few keV electronic
recoils could be due to the scattering of solar neutrinos endowed with finite Majorana
transition magnetic moments (TMMs). Within such general formalism, we find that
the observed excess in the XENON1T data agrees well with this interpretation. The
required TMM strengths lie within the limits set by current experiments, such as
Borexino, specially when one takes into account a possible tritium contamination.
1. INTRODUCTION
Recently, the XENON1T collaboration has released very puzzling results at low recoils [1],
which do not seem to fit with Standard Model (SM) expectations. The data shows an ex-
cess over background, particularly pronounced in the low-energy tail around few keV. The
XENON1T anomaly prompted already many possible explanations see, e.g., [2–6]. Given
the experimental parameters, exposure, detection efficiency and energy resolution, one ex-
pects some sensitivity to solar neutrino backgrounds, especially from pp neutrinos. Here we
investigate whether these findings could be indicative of the presence of new physics in the
neutrino sector, beyond the simplest neutrino oscillation expectations. Indeed, if neutrinos
have finite transition neutrino magnetic moments [7], there is a new component which adds
to the electroweak neutral and charged current neutrino-electron interaction cross section
expected in the SM, given that this could dominate the scattering process at low recoil
energies [8, 9]. We find that the excess seen in the XENON1T data is consistent with this
interpretation. The required magnitudes of neutrino transition magnetic moments (TMMs)
is in agreement with known restrictions from experiments like Borexino, GEMMA or TEX-
ONO, specially when the tritium component of the background is taken into account. At
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2the moment, since the latter is not fully understood, one can not jump to any big conclu-
sions. It is, nevertheless, amusing to raise the possibility. We also comment on whether
the required parameter values could also be probed by astrophysics. In contrast to other
possible explanations given so far as to the possible cause of the low-energy event excess,
ours does not suffer from severe tension with astrophysics.
2. FORMALISM
In order to simulate the background due to the scattering of solar neutrinos on electrons at
the XENON1T experiment, we take the differential event rate in terms of the reconstructed
recoil energy, Trec, as[
dN
dTrec
]
SM
= ε(Trec) E
∑
x
∫ Tmaxe
Tmine
∫ Emaxν
Eminν
dφx
dEν
[
dσν(Eν , Te)
dTe
]
SM
G(Trec, Te) dEν dTe, (1)
where the index x runs over all the solar neutrino components, φx, of which the most relevant
for the sensitivity range of XENON1T are the continuous pp flux and the monochromatic
7Be 861 keV line. Here, Eν is the neutrino energy, Te is the true electron recoil energy,
E=0.65 ton·yr denotes the exposure of the experiment, and ε(Trec) is a detector efficiency
factor. In Eq. (1), the finite energy resolution of the detector is also taken into account by
applying the smearing function G(Trec, Te), approximated by a normalized Gaussian function
with σ/Trec = 31.71/
√
Trec [keV] + 0.15 [10]. The SM differential cross section includes the
contribution from all neutrino flavours as[
dσν(Eν , Te)
dTe
]
SM
=
dσνe
dTe
Pee(Eν) +
dσνµ,τ
dTe
[1− Pee(Eν)] , (2)
where Pee(Eν) is the average survival probability for solar neutrinos reaching the detector.
The SM νe − e− scattering cross-section receives contributions from both neutral current
(NC) and charged current (CC) interactions, and is given by(
dσνe
dTe
)
SM
=
2G2Fme
pi
[
(gL + 1)
2 + g2R
(
1− Te
Eν
)2
− (gL + 1)gRmeTe
E2ν
]
, (3)
with GF the Fermi constant and me the electron mass. On the other hand, only NC in-
teractions are involved in νµ − e− and ντ − e− scattering. The corresponding cross section
reads (
dσνµ,τ
dTe
)
SM
=
2G2Fme
pi
[
g2L + g
2
R
(
1− Te
Eν
)2
− gLgRmeTe
E2ν
]
. (4)
Here, the SM couplings gL,R are expressed in terms of the electroweak mixing angle param-
eter, sin2 θW , as
gL =− 1/2 + sin2 θW ,
gR = sin
2 θW .
(5)
3In addition to the SM contribution, one can consider non-trivial electromagnetic (EM)
neutrino interactions. These can be encoded in an effective neutrino magnetic moment µν,eff ,
and are important at low recoil energies. The presence of µν,eff adds incoherently (due to
helicity flip) to the SM differential cross section in Eq. (1) an electromagnetic component
given by [
dσ(Eν , Te)
dTe
]
EM
=
piα2EMµ
2
ν,eff
m2e
(
1
Te
− 1
Eν
)
, (6)
where αEM denotes the fine structure constant.
The XENON1T collaboration has suggested a neutrino magnetic moment of the order
of 2 × 10−11µB as a way to account for the detected excess. Since it is generally expected
that neutrinos are Majorana fermions [11] 1, it is therefore interesting to take up their
suggestion within the general framework of non-zero Majorana neutrino TMMs. The general
parameterization in terms of the TMM matrix allows us to make a direct comparison of
experimental results coming from different neutrino sources, e.g. solar, reactor or accelerator
neutrino sources [13–16]. Within this formalism, the effective neutrino magnetic moment is
expressed as
µ2ν,eff = a˜
†
−λ˜
†λ˜a˜− + a˜
†
+λ˜λ˜
†a˜+ , (7)
where a+ and a− are the 3−vector amplitudes of positive and negative helicity states [17],
and the TMM matrix in the mass basis is given as
λ˜ =
 0 Λ3 −Λ2−Λ3 0 Λ1
Λ2 −Λ1 0
 . (8)
In the general case, the effective neutrino magnetic moment takes into account neutrino
propagation effects, and can be written as [18]
µ2ν,eff(L,Eν) =
∑
j
∣∣∣∑
i
U∗αie
−i∆m2ijL/2Eν λ˜ij
∣∣∣2 , (9)
where Uαi are the elements of the lepton mixing matrix, ∆m2ij denote the neutrino oscillation
mass splittings, L is the distance travelled by the neutrinos, and λ˜ij are the elements of the
TMM matrix in the mass basis, given at Eq. (8). One sees how the effective neutrino mag-
netic moment at the experimental site will depend not only on the TMM matrix, but also
on the mixing parameters which take into account the oscillation effects from the neutrino
source to the detector. Therefore, one should be careful when comparing results on effective
magnetic moments obtained at different experimental setups. In fact, to avoid potential
confusion while performing such comparisons, we strongly recommend the use of the general
1 The issue can only be settled experimentally by the detection of neutrinoless double beta decay [12].
4TMM formalism.
Under this hypothesis, the excess recoil events reported by XENON1T would be due to
a neutrino TMM interaction of the solar neutrinos in the detector. The effective neutrino
magnetic moment in this case is given as [13, 14]
µ2ν, sol = |Λ|2 − c213|Λ2|2 + (c213 − 1)|Λ3|2 + c213P 2νe1 (|Λ2|2 − |Λ1|2) , (10)
with c13 = cos θ13. For P 2νe1 , we consider the average value of this probability for solar pp
neutrinos which, within the 1σ range obtained in global fits to neutrino data [19], takes the
value P 2νe1 = 0.667±0.017. As mentioned before, the Λi correspond to the components of the
Majorana neutrino TMM matrix in the mass basis, and Λ = |Λ1|2 + |Λ2|2 + |Λ3|2. Note that,
in the particular case of solar neutrinos, the effective magnetic moment µ2ν, sol is independent
of any CP violation phase [14].
3. XENON1T LOW-RECOIL SIGNAL FROM NEUTRINO TMM
The 1/Te term of the EM cross section in Eq. (6) leads to an enhancement of the predicted
signal at low recoil energies. As a result, the inclusion of EM neutrino interactions can lead
to a low-energy bump in the measured spectrum, motivating us to perform a sensitivity
analysis based on the binned χ2 function
χ2 =
∑
i=bins
1
σ2i
(
dN iobs
dTrec
− dN
i
th
dTrec
)2
, (11)
where the index i runs over the i-th bin of the observed XENON1T signal i.e. dN iobs/dTrec,
with statistical uncertainty σi. Our calculated number of events dN ith/dTrec includes the
background B0 reported by XENON1T, containing the solar neutrino background due to
SM weak interactions as described in Eqs. (1)-(4), as well as the contribution due to the
presence of a non-zero neutrino magnetic moment given by Eq. (6).
In the left panel of Fig. 1, we compare the effect of EM neutrino interactions in the
XENON1T detector, assuming the reported background B0 only. Indeed, one can see a
clear enhancement of the predicted EM signal at low recoil energies, as expected from
the 1/Te dependence of the EM cross section. We illustrate the effect by considering
µν,eff = 1 − 3 × 10−11µB, which corresponds to the range extracted by the XENON1T col-
laboration [1].
In their effort to describe the excess of low-recoil events, the XENON1T collaboration
has examined the possibility of additional 3H contamination. Although it can produce an
excess of low-recoil events, this background can not fully explain the observed data. On the
other hand, it seems fair to say that such 3H background is not fully understood. It seems
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FIG. 1: Left: comparing the XENON1T data with expected count rates from background
only, and from the indicated values of the effective neutrino magnetic moment. Right:
Same as left panel, but including possible tritium contamination. More details in text.
therefore worth exploring the impact of the total background, i.e. B0+3H, in the presence
of an effective neutrino magnetic moment. This is shown in Fig. 1. One sees from the right
panel of Fig. 1 that, while the 3H background is not, by itself, capable of accounting for the
low-recoil excess, in the presence of moderate values of µν,eff, it does. Indeed, we analyze
how different fractions of the 3H component can affect the obtained sensitivities on µν,eff.
In addition to the case without a 3H background, we have also explored the effect of a
non-zero 3H contamination, varying it from 0 to 100%, as well as an extreme case with a
10−1 100 101
0
2
4
6
8
10
12
|Λ1| [10−11µB]
∆
χ
2
B0 only B0 + 20%
3H B0 + 50%
3H B0 + 100%
3H B0 + 120%
3H
10−1 100 101
|Λ2| [10−11µB]
10−1 100 101
|Λ3| [10−11µB]
FIG. 2: XENON1T sensitivity to the effective neutrino magnetic moment for various
choices of tritium background.
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FIG. 3: Regions in the |Λi| − |Λj| plane allowed by the XENON1T data at 90% C.L. The
results obtained by Borexino are shown for comparison.
120% 3H contamination 2. The resulting χ2 sensitivity profiles for the elements of the TMM
matrix Λi taken one at a time are illustrated in Fig. 2. As expected, one finds that, for
larger fractions of the 3H background, the corresponding values of the neutrino magnetic
moment decrease, and could lie in the sub-10−11 µB regime.
4. COMPARING WITH OTHER LIMITS
Besides the one-dimensional constraints presented in Fig. 2, here we show in Fig. 3 the
90% C.L. regions in the two-dimensional planes |Λi|-|Λj| allowed by the recent XENON1T
data. The blue bands have been derived by considering only the background B0, while the
grey regions correspond to the analysis with B0 + 3H background. These sensitivities on
the TMMs are obtained by taking two parameters at a time, and assuming a vanishing
value for the third (undisplayed) |Λk|. The Borexino limits [21] on the TMMs as derived
in Ref. [16] are also indicated by the dotted green lines. One sees from the figure that the
TMM values required by our proposal are competitive with the current sensitivity reported
by the Borexino collaboration. Indeed, the current Borexino limit lies close to the magnitude
indicated by the explanation of the low-recoil data, so that future measurements should be
able to explore it with accuracy.
In Table I we also give the 90% C.L. Borexino constraints on the TMM matrix elements
|Λi| as obtained in [16], as well as the allowed ranges and bounds derived from XENON1T
data for different assumptions on the background. All results are fully consistent.
Beyond the Borexino limit on the effective neutrino magnetic moment, there are labora-
tory constraints coming from reactor neutrinos such as the GEMMA [22], TEXONO [23],
2 This may well account for any other unknown background in addition to tritium [20].
7|Λ1| [10−11µB] |Λ2| [10−11µB] |Λ3| [10−11µB]
Borexino [16] < 4.4 < 3.6 < 2.8
XENON1T (B0 only) (1.5–4.7) (1.1–3.3) (0.9–2.8)
XENON1T (B0 + 3H) < 2.4 < 1.7 < 1.4
TABLE I: 90% C.L. limits and allowed ranges for the TMM matrix elements |Λi| obtained
from Borexino and the recent XENON1T data under different background assumptions.
and MUNU experiments [24], from LSND/LAMPF [25, 26], as well as by analyses of coher-
ent elastic neutrino nucleus scattering (CEνNS) data [16]. These limits are less stringent
than the Borexino bound and, more important, constrain a quite different effective neutrino
magnetic moment and, therefore, a different set of parameters that also include non-trivial
CP phases [14, 16]. Hence, a direct comparison with such results is not as interesting and
straightforward as it is with Borexino. In any case, one clearly sees that the magnetic mo-
ment strengths required to explain the XENON1T excess agree with current experimental
bounds.
Astrophysics, however, places more stringent limits [27, 28]. However, as we have seen,
due to the currently unknown level of tritium contamination, one can account for the
observed low-energy recoil excess with smaller values of the effective neutrino magnetic
moment, potentially avoiding tension with astrophysical limits.
Nevertheless, the presence of a finite neutrino magnetic moment could also affect the
propagation of solar neutrinos beyond the oscillation mechanism [29]. This happens, for
example, as neutrinos cross the convective zone of the Sun, which could host large magnetic
fields. In this case, there is a rich interplay between the pure oscillation mechanism and the
effect of transition neutrino magnetic moment, leading to an effective anti-neutrino com-
ponent in the solar neutrino flux. Assuming the convective zone harbors random magnetic
fields, this interplay can enhance such effect [30, 31], thereby boosting the sensitivity of our
proposal to astrophysical restrictions.
5. CONCLUSIONS
Many possible explanations have been suggested for the recent XENON1T collaboration
event excess at few-keV recoil, see for instance Refs. [2–6]. Here we have examined the
possibility that the excess could be due to the scattering of solar neutrinos carrying a small
neutrino transition magnetic moment. We have found that the observed event excess is
consistent with the neutrino TMM interpretation and its strength is in agreement with
current experiments. Future low energy experiments using artificial neutrino sources [32, 33]
8or coherent elastic neutrino nucleus scattering [15, 16] could also help confirming or ruling
out our proposal. An important role is played by the presence of the tritium background, so
far not fully understood. The larger that contamination is, the smaller the magnetic moment
strengths required to explain the excess, thus relaxing possible conflict with astrophysics.
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